[1] Using in situ data from 88 cruises from 1987 to 2009 in the East China Sea, downstream nutrient flux (the product of velocity and nutrient concentration) and nutrient transport (integration of flux over a section) by Kuroshio were examined. The presence of a maximum nutrient flux core in the middle layer was confirmed. Seasonal variation in the nutrient flux was not significant and was much smaller than interannual variations. The change in the Kuroshio speed and current structure were major causes for interannual variations in the nutrient flux. The downstream nitrate transport by the Kuroshio in the East China Sea had a mean value of 170.8 kmol s À1 and a standard deviation of 41.6 kmol s
Introduction
[2] The idea of a nutrient stream that transports nutrients along a west boundary current has been proposed for the Gulf Stream for many years [Pelegrí and Csanady, 1991; Pelegrí et al., 1996] . The Gulf Stream's counterpart in the North Pacific, the Kuroshio, is naturally expected to have the same function as the Gulf Stream for transporting nutrients along it, from its origin area, east of Luzon Island where it forms as a northward branch of the westward North Equatorial Current, to the Kuroshio Extension (Figure 1a ). Robbins and Bryden [1994] estimated the meridional nutrient transport in the North Pacific Ocean but did not pay special attention to the role of Kuroshio. Chen et al. [1994 Chen et al. [ , 1995a first reported nutrient flux and nutrient transport by the Kuroshio based on four cruises along a section extending eastward from Taiwan.
[3] The nutrient stream results from the strong western boundary current and the high nutrient concentration within the water that is carried by this boundary current. As a result of reduced current speed and increased nutrient concentration with depth, the nutrient flux, defined as the product of the current speed and nutrient concentration, usually has a subsurface high value. The current, which is faster at its center than at its sides, further produces a subsurface core with a maximum nutrient flux [Pelegrí and Csanady, 1991] .
[4] Our first objective in this study is to present the vertical structure of mean nutrient flux based on long-term repeat observations across the Kuroshio in the East China Sea. On one hand, the vertical gradients of current speed and nutrient concentration in the Kuroshio region are probably different from those in the Gulf Stream; the comparison of nutrient flux in two western boundary currents is therefore an interesting issue. On the other hand, reports by Chen et al. [1994 Chen et al. [ , 1995a were based on four cruises across the Kuroshio and their results may be affected by some processes with short time scales, e.g., the passage of mesoscale eddies. By averaging long-term repeated observations, we expect to present a robust document on the mean state of nutrient flux by the Kuroshio in the East China Sea.
[5] Our second purpose in this study is to examine the temporal variations in nutrient flux and nutrient transport by the Kuroshio in the East China Sea. It has been demonstrated that the nutrients carried by the Gulf Stream can reach the euphotic layer and contribute to the primary production in the North Atlantic [Pelegrí et al., 2006; Williams et al., 2006] . In the North Pacific, high primary production has been reported in the Kuroshio/Oyashio mixing region [e.g., Tadokoro et al., 2009] . Since the nutrient concentration is higher in the Oyashio water than in the Kuroshio water, the nutrients carried by the Oyashio from subpolar region to this region likely contribute mostly to the high primary production there. However, the mixing nature of two water masses indicates that the nutrients carried by the Kuroshio may also contribute to the primary production in this region and will have an impact in all waters being influenced by the subarctic current across the Pacific. For this reason, a good documentation of the temporal variations in nutrient flux and nutrient transport by the Kuroshio will add new material for understanding the long-term variations in the nutrients and primary production in the Kuroshio/Oyashio mixing region.
[6] In the long journey from its origin to the Kuroshio Extension area, the Kuroshio has a relatively more stable path along the shelf break of the East China Sea than in other regions. This provides good conditions for monitoring its temporal variations. In fact, the Japan Meteorological Agency has maintained a section across the Kuroshio in the East China Sea for more than 40 years. Using the hydrographical and nutrient data from such long-term observations, we examined the spatial structure of nutrient flux and the temporal variations of nutrient flux and nutrient transport by the Kuroshio in the East China Sea.
[7] In section 2, we give a brief description of the observations and the data processing procedures, such as the inverse method being used to calculate the velocity normal to the section from hydrographic data, and the linear interpolation of nutrient data to the velocity grid points. In section 3, we present the spatial distribution of mean nutrient flux and examine temporal variations in the nutrient flux by using empirical orthogonal function (EOF) analysis and by directly decomposing the variance of nutrient flux into several terms that depend on the variances of velocity and nutrient concentration. The temporal variations of nutrient transport, with attention to the differences before 2004 and after 2004, are also given in section 3. In section 4, we give Chen et al. [1994 Chen et al. [ , 1995a and those reported in the Gulf Stream region [Pelegrí and Csanady, 1991] . A brief summary is given in section 5.
Data and Processing Methods
[8] Hydrographic, nutrient, and dissolved oxygen data along two sections (PN and TK) in the East China Sea (Figure 1b ) from 1965 to 2009 were obtained from Japan Meteorological Agency Web site (http://www.data.kishou. go.jp/kaiyou/db/vessel_obs/data-report/html/ship/ship.php). Since the data before 1987 were not sufficient for calculating nutrient flux, we used only the data from the 88 cruises after 1987 in this study. The hydrographic data were collected by CTD (conductivity-temperature-depth profiler); the nutrient and dissolved oxygen data were from water samples collected at standard depths and analyzed using routine methods (see Aoyama et al. [2008, Table 1 ] for analysis method details).
[9] Usually, there were four cruises every year and each cruise roughly corresponded to one season. The seasonal mean was obtained by averaging all the data from March to May for spring, from June to August for summer, from September to November for autumn, and from December to February for winter. To obtain a time series with even time intervals for the EOF analysis, we defined four fixed dates in each year (0.25, 0.50, 0.75, and 1.00) and obtained the value at a date by linearly interpolating the data before and after the given date.
[10] Hydrographic data along both section PN and section TK were used in the inverse calculation of the velocities. The inverse method [Wunsch, 1978] was applied to the area enclosed by section PN, section TK, and the line connecting two north stations of the sections (Figure 1b) . The water exchange through two gaps between the islands at the southwestward extension of section TK was neglected. Following Zhu et al. [2006] , the water column was vertically separated into five layers by sea surface, four isopycnals (24.5, 26.0, 26.5, and 27 .2 s q ), and sea bottom. Mass conservation was assumed within each of five layers, while salt conservation was assumed within the lower four layers. With these conditions, the velocities at the reference level, which was set as the depth of deepest hydrographic data between each pair of stations, were obtained [Zhu et al., 2006] . Applying the thermal winds relation to a pair of hydrographic stations, we then obtained the velocity normal to the line connecting two stations at 1 m interval in the vertical.
[11] The reference velocity is different for each cruise. The mean value calculated from 88 cruises at section PN varies from À0.05 to À0.1 m s À1 for stations west of 127°E and approaches to 0 m s À1 for stations east of 127°E (see bottom velocity in Figure 3b) (Figure 2 ), we will mainly present the results of nitrate in this study and describe those of phosphate if necessary. The nitrate and phosphate concentrations at standard levels were first linearly interpolated to depth at one meter intervals at the hydrographic stations along section PN (Figure 1b ). For calculating nutrient flux, the nutrient concentration was linearly interpolated horizontally to the grid points where current speed was determined at the same depth, and which were defined at the middle of two hydrographical stations. The nutrient transport was obtained by integrating the nutrient flux over the section.
[13] In addition to water temperature, salinity, and nutrient data, the dissolved oxygen data were used to discuss the possible causes for the temporal variations of water property in the middle and bottom layers in section 4.
Results

Spatial Structure of Mean Nutrient Flux
[14] The mean density, current speed, nitrate concentration, phosphate concentration, nitrate flux, and phosphate flux at section PN ( Figure 3) were obtained by averaging 88 data sets from 1987 to 2009. The Kuroshio axis having maximum surface current speed can be identified over the slope (Figure 3b ). The current speed decreases from the Kuroshio axis to its two sides and to the lower layer. As expected, vertical and horizontal variations in current speed are similar to the geostrophic velocity calculated with a nomotion level at 700 dbar [Oka and Kawabe, 1998; Guo et al., 2003, Figure 9 ]. The total volume transport given by the current speed in Figure 3b is 22.5 Sv (1 Sv = 10 6 m 3 s À1 ), which is close to the traditional estimate of the volume transport trough section PN [e.g., Hinata, 1996] .
[15] The nitrate ( Figure 3c ) and phosphate concentrations (Figure 3d ). The inverse triangles denote hydrographic stations where water temperature, salinity, and nutrient concentrations are available.
[16] To identify the geographical position where the nutrient flux is large, the nutrient flux was averaged horizontally or vertically ( Figure 4 ). The vertical profile of horizontally averaged nutrient flux ( Figure 4a ) gives a maximum value at 400 m depth and shows a reduction of nearly the same rate toward both sea surface and sea bottom. Such a profile is reasonable if we observe the vertical profile of horizontally averaged velocity and that of nutrient concentration in the same figure ( Figure 4a ). Horizontally, the maximum nutrient flux approximately coincides with the strongest vertically averaged velocity and the largest vertically averaged nutrient concentration (Figure 4b ).
[17] To associate nutrient flux with water mass, we calculated volume and nutrient transports per unit width through five isopycnal layers (Figures 5a and 5b) . The lightest layer, with density less than 24.5 s q , has the largest volume transport but a small nutrient transport; the heaviest layer, with density larger than 27.2 s q , has little volume transport and nutrient transport; the three layers with middle density (24.5-27.2 s q ) have different volume transports but very similar nutrient transports. Apparently, the nutrient transport is mainly from the three layers with middle density (24.5-27.2 s q ). The maximum nutrient flux is located at 26 s q (Figure 5c ). When plotting the nutrient flux, potential temperature, and salinity on a T-S diagram (Figure 6 ), the waters with relatively large nutrient flux are distributed roughly along a line connected by two water masses, the Kuroshio Intermediate Water and the Kuroshio Tropical Water (see Chen et al. [1995b, Table 1 ] for definition of two water masses). This suggests the important role of mixing between two water masses in the formation of the water with a large nutrient flux. Apparently, the Kuroshio Intermediate Water (IW) contributes more than the Kuroshio Tropical Water (TW) to the water with a large nutrient flux. Since the Kuroshio Intermediate Water has close relation to the North Pacific Intermediate Water (NPIW), we will discuss the connection between the NPIW and the water property changes at section PN in section 4.
Temporal Variations of Nutrient Flux
[18] The seasonal variation in nutrient flux is small ( Figure 7 ). The position of the maximum nitrate flux core stays at $400 m throughout the year. The areas with positive nutrient flux are slightly larger in winter and smaller in autumn, while the area with the nitrate flux larger than 8 mmol m À2 s À1 is slightly larger in winter and smaller in summer.
[19] An EOF analysis was applied to nitrate concentration, velocity, and nitrate flux (Figure 8 ). The first five EOF modes explains 47.5%, 10.6%, 10.2%, 5.2%, 4.4% of the total variance in nitrate concentration, respectively; 20.0%, 14.6%, 13.8%, 9.5%, 7.1% of the total variance in velocity, respectively; and 21.7%, 16.4%, 10.5%, 9.4%, 5.8% of the total variance in nitrate flux. The sum of first EOF mode (EOF1) and second EOF mode (EOF2) can explain more than half variability of nitrate concentration and $40% variability of velocity and nitrate flux. The relatively low percentage explained by EOF1 and EOF2 indicate the complex temporal variations in the velocity field of this region.
[20] The EOF1 spatial pattern suggests an in-phase temporal variation in the nitrate concentration ( Figure 8a ) and a horizontally reversed temporal variation in the velocity (Figure 8b ) and the nitrate flux (Figure 8c [21] To understand the mechanism responsible for the EOF1, we made a composite map of nitrate concentration, velocity, and nitrate flux (Figure 10 ) calculated from the cruises when the EOF1 principal component of nitrate flux is above the mean plus one standard deviation (Figure 9c) , and from the cruises when the EOF1 principal component of nitrate flux is below the mean minus one standard deviation (Figure 9c ), respectively. According to Figure 10 , the high nitrate flux (Figure 10c ) is accompanied by strong velocity (Figure 10b ) while the low nitrate flux (Figure 10f ) is accompanied by weak velocity (Figure 10e ). The nitrate concentration has no apparent difference between these two cases (Figures 10a and 10d) . The section-averaged nitrate concentration is 10.2 mmol m À3 for Figure 10a and 10.3 mmol m À3 for Figure 10d ; the volume transport is 22.4 Sv for Figure 10b and 19.4 Sv for Figure 10e ; the nitrate transport is 188.6 kmol s À1 for Figure 10c and 151.2 kmol s À1 for Figure 10f . All these results indicate that the EOF1 of nitrate flux can be attributed to the change in the Kuroshio speed.
[22] The EOF2 spatial pattern suggests a vertically reversed temporal variation in the nitrate concentration (Figure 8d ), a horizontally fine structure of temporal variation in the velocity (Figure 8e) , and a horizontally reversed temporal variation in the nitrate flux (Figure 8f ). Although we can observe a horizontally reversed structure in both EOF1 and EOF2 of nitrate flux, the magnitudes of positive and negative values are of different orders in the EOF1 pattern (Figure 8c ) but of the same order in the EOF2 pattern (Figure 8f ). The time series of the EOF2 principal component of nitrate concentration, velocity, and nitrate flux do not have a good correspondence between any two of three variables (Figures 11a-11c) . A period of 1.25 year appears in the power spectral density of the EOF2 principal component of velocity and nitrate flux (Figure 11d) .
[23] Following the same method as Figure 10 for EOF1, we made a composite map of nitrate concentration, velocity, and nitrate flux for the EOF2 (Figure 12) . Again, the nitrate concentration does not show a significant difference at the times with high and low EOF2 principal components, respectively (Figures 12a and 12d) . The section-averaged nitrate concentration is 10.2 mmol m À3 for Figure 12a and 10.5 mmol m À3 for Figure 12d . However, the difference in the nitrate flux is apparent. The differences in the maximum values and in horizontal structure of the nitrate flux can be identified in Figure 12c and Figure 12f . These differences are associated with the change in current structure, i.e., the Kuroshio became wide during the period with a high EOF2 principal component for nitrate flux (Figure 12b 
Factors Affecting the Temporal Variance of Nutrient Flux
[24] Based on the EOF analysis, we expected that the temporal change in velocity would determine most temporal changes in the nutrient flux. To confirm this idea, we directly decomposed the variance of nutrient flux into 6 terms that can be easily explained.
[25] The velocity (V i ) and nutrient concentration (C i ) from a cruise can be expressed as sum of the mean values ( V , C) over entire analysis period and the anomalies (V i ′, C i ′).
in which N is total data number and i is time index for the data. The nutrient flux (F i = V i C i ) can be then expressed as: The mean value of nutrient flux (
After introducing a new symbol G i = V i ′C i ′ and substituting
The variance of nutrient flux (s F 2 ) is defined as
Substituting equations (1) and (3) into equation (4), we can obtain
According to equation (5), the variance of nutrient flux s F 2 is composed of six terms, in which C 2 s V 2 arises from mean nutrient concentration and variance of velocity; V 2 s C 2 from mean velocity and variance of nutrient concentration; 2 C V s CV 2 from mean velocity, mean nutrient concentration and covariance of velocity and nutrient concentration; 2 C s VG 2 from mean nutrient concentration and covariance of velocity and G i ; 2
Vs CG 2 from mean velocity and covariance of nutrient concentration and G i ; s G 2 is variance of G i .
[26] The left-hand side of equation (5) is presented in Figure 13a , while the six terms from the right-hand side of equation (5) are in Figures 13b-13g , respectively. It is apparent that the term of C 2 s V 2 (Figure 13b ) is the major component in variance of the nutrient flux (s F 2 ). The terms of V 2 s C 2 and 2 C V s CV 2 are smaller than the term of C 2 s V 2 but they are not small enough to be negligible. These results suggest that the temporal variation in the current velocity causes most temporal variation in the nutrient flux, while the temporal variation in the nutrient concentration and the covariance of velocity and nutrient concentration also contribute to the temporal variation in the nutrient flux.
Temporal Variations of Nutrient Transport
[27] The mean nutrient transport through section PN during the period from 1987 to 2009 is 170.8 kmol s
À1
for nitrate (Figure 3e ) and 12.7 kmol s À1 for phosphate (Figure 3f ), respectively. The seasonal mean nitrate (phosphate) transport, which was calculated from Figure 7 , for spring, summer, autumn, and winter, respectively.
[28] In the past two decades, the section-averaged nitrate concentration varied within a range between 8 and 14 mmol m À3 (Figure 14a ) and had a standard deviation of 1.1 mmol m
À3 . An increasing trend can be identified in Figure 14a . In particular, the section-averaged nitrate concentration was at a high level (>12 mmol m À3 ) after 2004. The same feature may also be found in time series of the EOF1 principal component of nitrate concentration (Figure 9a) .
[29] The volume transport through section PN varied between 15 and 30 Sv (Figure 14b ) and had a standard deviation of 4.1 Sv. It is difficult to identify a significant increasing or decreasing trend in the volume transport, although we present the linear regression equation in Figure 14b .
[30] The nitrate transport through section PN (Figure 14c [31] From Figure 14 , again, we can understand the more important role of current velocity or the volume transport of the Kuroshio compared to the nitrate concentration in the temporal variation of nitrate transport. The correlation coefficient between volume transport (Figure 14b ) and nitrate transport (Figure 14c ) is 0.61, while that between section-averaged nitrate concentration (Figure 14a ) and nitrate transport (Figure 14c) is 0.12.
[32] The result that an apparent increasing trend in sectionaveraged nitrate concentration (Figure 14a ) does not induce an apparent increasing trend in the nitrate transport (Figure 14c ) is an interesting issue. Using the linear increasing rate of three variables in Figure 14 , we know that the section-averaged nitrate concentration increased by 2.2 mmol m À3 , the volume transport by 1.84 Sv, and the nitrate transport by 17.6 kmol s À1 in past 20 years. The ratio of these numbers to their corresponding values at 1985 is 0.23, 0.086, and 0.11, respectively.
[33] To understand why there is no apparent response in nitrate transport to the increasing trend in section-averaged nitrate concentration, we averaged all the data before 2004 and after 2004. We present the mean before 2004, the mean (Figure 16 ). In the surface layer, the water temperature increased while the salinity decreased. Both of them induced a reduction in surface density. An important point is that the magnitude of difference in surface water temperature and salinity varied horizontally. The water temperature (salinity) increased (decreased) more at offshore side of Kuroshio than at its mainstream. Consequently, the horizontal gradient of surface density increased. The increased horizontal density gradient then intensified vertical shear of the velocity according to thermal wind relation of a geostrophic current.
[35] The causes for nutrient increases in the middle layer (26.0-26.5 s q ) and bottom layer ($27.0 s q ) (Figure 15 ) are more complex. The nitrate increase in the middle layer was accompanied by apparent reduction in water temperature, salinity, and dissolved oxygen (Figure 16 ). However, the nitrate increase in the bottom layer was accompanied by an increase in water temperature, salinity and dissolved oxygen (Figure 16 ). Therefore, it is reasonable to separate the causes for nutrient increase in two layers.
[36] The change in water mass property of the central mode water with a core density of 26.2 s q [Nakano et al., 2007; Kouketsu et al., 2009 ] is the first possible cause responsible for the nitrate increase at section PN after 2004, in particular for that in the middle layer (26.0-26.5 s q ). Nakano et al. [2007] reported freshening at mid-depth (between the main thermocline and salinity minimum layer of NPIW) in the North Pacific subtropical gyre and attributed it to the isopycnal surface deepening due to subsurface water warming, and to westward shifts of the salinity minimum tongue due to strengthening of the subtropical gyre. Kouketsu et al. [2009] confirmed the freshening and warming effects and additionally reported increase in apparent oxygen utilization and silicate around the density of central mode water. Although we do not have silicate data, we can identify declines in water temperature, salinity, dissolved oxygen and increase in nitrate for the water with density 26.0 $ 26.5 s q after 2004 in Figure 16 . All these features are consistent with those reported by Nakano et al. [2007] and Kouketsu et al. [2009] . [37] The second possible cause responsible for the nitrate increase at section PN after 2004 is the temporal changes in formation regions of NPIW Watanabe et al., 2001; Nakanowatari et al., 2007; Watanabe et al., 2008] . As estimated by You et al. [2003] , the westward transport of NPIW across a section at 130°E is 3.9 Sv, a part of which is expected to enter the South China Sea via the Luzon Strait [You, 2003] , a strait between Taiwan and Luzon Island (Figure 1a) , and eventually return to the Kuroshio region by the outflow of South China Sea intermediate water [Chen, 2005] . The change in NPIW should affect more the nitrate increase in the bottom layer than in the middle layer after 2004 because the middle layer is above the salinity minimum at section PN (Figure 16 ). The fact that the minimum salinity is higher at section PN than in the NPIW in the subtropical gyre indicates that the mixing of NPIW with other water masses may weaken the interannual signals of NPIW in its formation regions as they reach at section PN.
[38] The third possible cause responsible for the nitrate increase at section PN after 2004 is the outflow of nutrientrich South China Sea intermediate water to the Kuroshio region through the Luzon Strait [Chen and Huang, 1996; Chen and Wang, 1998; Chen, 2005; Chou et al., 2007] . The changes in the volume transport or in the water property of South China Sea intermediate water can induce an increase or decrease in nutrient concentrations at section PN, in particular at western side of Kuroshio mainstream. The fourth possible cause is the intensification of Kuroshio baroclinicity since the interaction between bathymetry and Kuroshio baroclinicity affects the water movement across the shelf break [Guo et al., 2006] .
[39] In Figure 17 , we present the time series of water temperature, salinity, nitrate, dissolved oxygen, velocity, and nitrate flux in three isopycnal layers (24.5-26.0 s q, 26-26.5 s q , 26.5-27.2 s q ) for understanding the realizations behind the "state" change after 2004 (Figures 15 and 16) . We neglect the surface and bottom layers because they contribute little to nutrient transport through the section (Figure 6b) .
[40] The temporal variations in Figure 17 can be divided into two parts: linear trend and interannual variations. According to the linear regression equations in each panel of Figure 17 , the trends of water temperature, salinity, velocity, and nitrate flux in three layers are not as apparent as nitrate concentration and dissolved oxygen. Qualitatively, the two apparent trends of nitrate concentration and dissolved oxygen have an inverse relation in three isopycnal layers, indicating important role of microbial respiration. Quantitatively, the ratio of increasing rate of nitrate concentration and decreasing rate of dissolved oxygen changes largely in three layers. The increasing rates of nitrate concentration in three layers are of the same order, but the decreasing rates of dissolved oxygen in three layers are of different order. Therefore, in addition to the microbial respiration, the water property changes in mode waters [Nakano et al., 2007; Kouketsu et al., 2009] and the linear trends in the NPIW Watanabe et al., 2001; Nakanowatari et al., 2007; Watanabe et al., 2008] are also important factors affecting the linear trend. Additional evidence for supporting this deduction is that there is no apparent trend of weakening in the velocity in three layers.
[41] The interannual variations, as presented by one year running mean in Figure 17 , have a time scale of several years. Due to short length of time series, we cannot identify a significant period for interannual variations by using energy spectra analysis and wavelet analysis. Nevertheless, the realizations of high nitrate concentration level after 2004 becomes clear. The overlap of a positive phase of interannual variations and the linear increasing trend is its direct reason. The interannual variations induced not only the period with high level of nutrient concentration (1997-1999; 2004-2006) but also that with low level of nutrient concentration (2000-2002) . Among three layers, the layer of 26.5-27.2 has the largest range of interannual variations in nitrate concentration (Figure 17c ) but smallest range of interannual variations in dissolved oxygen and in velocity (Figure 17d) .
[42] The interannual variations of nitrate concentration and dissolved oxygen do not match in phase (Figure 17 ). The peak (trough) of dissolved oxygen is generally later than the trough (peak) of nitrate concentration by several years. This mismatch of phase suggests again that microbial respiration is not the sole process controlling the interannual variations of two variables at section PN. 
Comparisons With Nutrient Flux and Nutrient Transport by the Kuroshio East of Taiwan and by the Gulf Stream
[43] A comparison of nutrient flux at section PN (Figure 3 ) to previously reported results at different places is helpful to understand the factors controlling spatial structure of nutrient flux. Chen et al. [1994] reported a maximum core at 500 m depth in the phosphate flux (there is no nitrate flux in this paper) through a section east of Taiwan, which is located upstream of the Kuroshio relative to section PN. Comparing this with our results (Figure 3f) , we know that the depth of maximum nutrient flux was lifted upward by 100 m as the Kuroshio moves from the section east of Taiwan to section PN. The maximum value of the phosphate flux reported by Chen et al. [1994] ). The current structure is likely the main cause for such difference. Two cores of strong northward current can be found at the section east of Taiwan of Chen et al. [1994] but the offshore core is not a part of the Kuroshio. As reported by Chen et al. [1995a] and also in our results (Figure 14) , the large temporal variability in nutrient transport makes it difficult to compare our mean state results with the results from a single "snapshot" cruise [Chen et al., 1994 [Chen et al., , 1995a . Nevertheless, the consistent spatial structure of the nutrient flux and the same order of nutrient transport suggest the presence of a nutrient stream in the Kuroshio region in the East China Sea.
[45] The nutrient flux of the Gulf Stream through a section near 36°N [Pelegrí and Csanady, 1991] near  36°N and the Kuroshio at section PN is 3 times greater, but the nutrient transport is 4-5 times greater. Therefore, the higher nutrient concentration carried by the Gulf Stream compared to the Kuroshio is another important cause. For example, the nitrate concentration around the maximum nitrate flux at 500 m depth in the Gulf Stream ranged from 20 to 25 mmol m À3 , but the concentration around the maximum nitrate flux at 400 m depth in the Kuroshio ranged from 10 to 20 mmol m
À3
. Since the nutrient concentration generally increases with depth in both the Gulf Stream and Kuroshio, the deeper current structure of the Gulf Stream compared to the Kuroshio could be the direct cause of the larger nutrient flux in the Gulf Stream.
Conclusions
[46] In this study, we not only presented the mean state of nutrient flux by the Kuroshio calculated from 88 data sets from 1987 to 2009 in the East China Sea, but also examined its temporal variations. The seasonal variation in the nutrient flux is slight and much smaller than the interannual variation. EOF analysis of the nitrate concentration, velocity field, and nutrient flux suggested that the changes in the Kuroshio speed and current structure are the major causes for interannual variation in the nutrient flux. This conclusion is further confirmed by directly decomposing the variance of nutrient flux into terms depending on the variances of nutrient concentration and velocity.
[47] The downstream nitrate transport by the Kuroshio has a mean value of 170.8 kmol s À1 and a standard deviation of 41.6 kmol s À1 . Its mean seasonal variation ranges from 161.5 to 177.1 kmol s À1 and its absolute interannual variation ranges from about 100 to 280 kmol s À1 .The mean onshore nutrient transport from the Kuroshio to the continental shelf of the East China Sea was estimated to be 9.4 kmol s À1 for the nitrate and 0.7 kmol s À1 for the phosphate [Zhao and Guo, 2011] , both of which are 1/18 of the downstream nutrient transport by the Kuroshio. Consequently, the nutrients within the nutrient stream of the Kuroshio are essentially transported downstream toward the south of Japan and Kuroshio Extension area.
[48] The nitrate concentration at section PN, especially in the middle and deep layers, increased significantly after 2004, but the nutrient transport did not increase significantly. The small change in nutrient transport can be explained by the fact that the velocity increased in the surface layer but decreased in the middle and bottom layers after 2004. The direct cause for intensification of vertical shear in the Kuroshio is the warming and freshening of surface layer after 2004 that had a larger magnitude at the offshore side. The direct cause for nutrient increase in the middle and bottom layers is the overlap of linear increasing trend and positive phase of interannual variations of nutrient concentration. Four possible causes are (1) water property changes of subtropical mode waters in the North Pacific, (2) changes in formation of NPIW, (3) changes in outflow of South China Sea Intermediate Water toward the Kuroshio region, and (4) dynamic response of water movement across the shelf break of the East China Sea to the intensification of Kuroshio baroclinicity, were suggested to be responsible for the observed variations in nutrient concentrations in the middle and bottom layers.
